OBJECTIVES: Upon onset of acute type A aortic dissection, the aortic true lumen generally becomes fixed around the supra-aortic branches in the greater curvature and Botallo's ligament in the lesser curvature of the aortic arch. Therefore, the pathways of the false lumen through the arch can be categorized as anterior, bilateral and posterior. We investigated the relationship between a false lumen pathway through the arch and cervical branch compromise, stratified by primary tear location.
INTRODUCTION
In most cases of acute type A aortic dissection, the longitudinal dissection and aortic false lumen occupy the right anterior portion at the level of the ascending aorta [1] and extend proximally into the non-coronary sinus of the aortic root, often accompanied by the circumferential spread into the right coronary sinus [2] [3] [4] . From our experience, this occurs regardless of where the primary entry tear is located, which is generally in the ascending aorta, but is sometimes in the aortic arch and occasionally in the descending aorta. This similarity in false lumen formation sometimes makes it difficult to predict the site of the primary entry tear from preoperative computed tomography (CT) findings, especially in the case of a retrograde type A aortic dissection in which the primary entry tear is located in the descending aorta. Therefore, direct intraoperative confirmation of the entry tear location or observations using transoesophageal echocardiography are essential for deciding whether hemiarch replacement is suitable or a more extensive approach, such as total arch replacement with elephant trunk implantation, is required [5, 6] .
The longitudinal and circumferential propagation of the aortic dissection and consequent formation of both true and false aortic lumens may be affected by not only the location of the primary entry tear, but also various factors such as size and form of the primary entry tear, geometrical structure of the thoracic aorta including the aortic arch, three-dimensional histological architecture of the tunica media, aortic pressure waveform distribution and helical blood flow patterns in the thoracic aorta [7, 8] . Connective tissue disorders represented by Marfan syndrome inherit the fragility of media architecture, and congenital malformations such as a bicuspid aortic valve have helical blood flow patterns, which cause dilatation of the ascending aorta. The reproducible phenomenon of the aortic dissection finally settling into a similar pattern in the ascending aorta raises the possibility of a unified simple theory for the propagation of the dissection, which has not been elucidated until now.
Upon onset of acute type A aortic dissection, the true aortic lumen generally becomes fixed around the supra-aortic branches in the greater curvature [9] and Botallo's ligament in the lesser curvature of the aortic arch [10] . Therefore, the pathways of the false lumen through the arch can be categorized as anterior, bilateral or posterior. In this study, we initially investigated the relationship between the primary entry tear location and false lumen pathway to verify aortic dissection fixed propagation patterns, and then examined the relationship between the false lumen pathway and cervical branch compromise causing critical brain malperfusion under stratification of the primary tear location.
MATERIALS AND METHODS

Patients
Sixty-four consecutive patients with acute type A aortic dissection underwent emergency surgery at our institution between March 2005 and October 2013. These included 40 cases (63%) of DeBakey type I, 15 cases (23%) of type II and 9 cases (14%) of type III-D (retrograde type A). We performed a retrospective review of preoperative computed tomography using three-dimensional image post-processing tools for 43 cases, excluding 15 cases with type II and 6 cases with type I for which preoperative digital image data were not available. The institutional review board of Yokohama Sakae Kyosai Hospital approved this retrospective observational study, and waived individual consent. Table 1 summarizes the clinical characteristics of the patients. Twenty-nine cases (67%) had dissections extending into cervical branches, and 12 (28%) showed neurological symptoms secondary to arch vessel malperfusion at the time of primary diagnosis, with 4 cases of transient ischaemic attack, 6 cases of left hemiplegia and 2 cases of coma. Twelve cases (28%) had upper limb ischaemia, defined as loss of pulse with associated pain and neurological symptoms (right limb: 10 cases, left limb: 2 cases). One case (2%) had Marfan syndrome. None of our cases had congenital bicuspid aortic valves or iatrogenic dissection.
Image acquisition and post-processing
CT examinations were performed on a 128-slice CT scanner (Siemens Somatom Definition AS+; Siemens Healthcare, Forchheim, Germany) in our institution, with an injected bolus of 75-100 ml of non-ionic iodine contrast agent. Iodine (300-370 mg/ml) was injected using an automatic injector at a flow rate of 3-4 ml/s. The scan utilized an automated bolus tracking technique and was triggered when opacification reached 150 HU over the thoraco-abdominal aorta. Scan length ranged from the thoracic inlet to the groin. Electrocardiogram (ECG)-gated image acquisition was not performed. Delayed phase imaging (60 seconds after arterial phase imaging) was performed in all cases to evaluate the false lumen status. This study used the open-source Digital Imaging and Communications in Medicine (DICOM) image viewer and OsiriX version 5.8.5 software (OsiriX Foundation, Geneva, Switzerland) for post-processing image analysis. DICOM data sets consisting of CT images (1.5-mm slice thickness) were imported into the OsiriX work station. In referred cases, we obtained DICOM CT images of 5-mm slice thickness from the referring institutions. Three-dimensional centreline reconstruction using the 3D curved multiplanar reconstruction (MPR) viewer in OsiriX was performed to visualize the entire thoracic aorta in a plane perpendicular to the vessel course [11] , and investigate the pathways of the aortic false lumen through the arch (Fig. 1) . Double-oblique multiplanar reformation (3D) was used to confirm cervical branch compromise.
Definition and classification of false lumen pathways through the arch
The pathways of the aortic false lumen through the arch were clearly visualized and comprehensively recognized in the serial cross-sections perpendicular to the long axis of the thoracic aorta, including the aortic root, ascending aorta, aortic arch and descending aorta. Imaging revealed the following three patterns shown in Fig. 1 : the anterior pathway, in which the aortic false lumen passes through the anterior wall of the aortic arch; the bilateral pathway, in which the false lumen passes through both anterior and posterior walls; and the posterior pathway, in which the false lumen passes through the posterior wall. These patterns alone were insufficient to cover all practical situations; therefore, we further classified the false lumen pathways based on the findings derived from two crosssectional views at the entrance and exit of the aortic arch. The entrance of the aortic arch was defined as the transitional portion from the ascending aorta to the aortic arch at the level of the brachiocephalic trunk. The exit of the aortic arch was defined as the transitional portion from the aortic arch to the descending aorta at the level of the left subclavian artery. Figure 2 shows the pattern discrimination for classification of the false lumen pathways. The pathway is complete once both the entrance and exit are established. Therefore, we classified A-B and B-A patterns as anterior, and P-B and B-P patterns as posterior pathways. The anterior pathway also included A-A, A-B and B-A patterns, while the posterior pathway included P-P, P-B and B-P patterns. The bilateral pathway comprised only the B-B pattern. Image assessment was performed by primary and secondary authors (Hiroshi Nagamine and Manami Miyazaki, cardiovascular surgeons).
Intraoperative identification of the primary entry tear and surgical techniques
The primary goal of surgical treatment for acute type A aortic dissection is to completely eliminate the primary entry tear [12] . The extent of replacement is determined by the location of the primary intimal tear [13] . Therefore, detailed endoluminal inspection from the aortic root to the proximal descending aorta under hypothermic circulatory arrest is mandatory. In this study, the arch was totally or partially replaced when the primary entry tear was located close to orifices of arch vessels. When the primary entry tear was present in the proximal descending aorta, total arch replacement with elephant trunk was performed. If the arch and proximal descending aorta appeared normal at inspection, replacement of the aortic arch was not necessary and only the ascending aorta was replaced. All patients underwent median sternotomy with a total cardiopulmonary bypass. Although the femoral artery was used as the site of arterial cannulation in early cases, we generally selected right axillary artery perfusion with side-graft cannulation and femoral perfusion (i.e. double cannulation) in recent cases with a high risk of intraoperative true lumen malperfusion due to retrograde perfusion. The brain protection method during surgery was typically deep hypothermia concomitant with retrograde cerebral perfusion, although antegrade selective cerebral perfusion (three-vessel perfusion with balloontipped catheters inserted from inside the aorta) was used if arch vessel reconstruction with a four-branched graft was necessary. Antegrade cerebral perfusion through the right axillary artery is needed to place the traumatic clamp on the brachiocephalic and carotid arteries. We feel that placing the traumatic clamp on the fragile-dissected supra-aortic vessels should be avoided for ascending aortic or hemiarch replacements, for which cerebral branch reconstruction is not performed. Therefore, even though the right axillary artery was utilized for systemic perfusion, we selected retrograde cerebral perfusion as a brain protection method during ascending aortic or hemiarch replacements.
Statistical methods
Groups of categorical data were compared by Fisher's exact test. The Bonferroni method was used for post hoc multiple comparisons. Risk factors associated with the dissection extending into all or any of three cervical branches were evaluated by univariate analysis using Fisher's exact test. In the risk factor analyses, categorical variables for the false lumen pathways and the locations of primary tears were transformed into dummy coding binary variables. Multivariate analysis with logistic regression could not be performed because of the small sample size. A two-sided P < 0.05 was considered statistically significant. All statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical University), a graphical user interface for R (The R Foundation for Statistical Computing).
RESULTS
Surgical procedures included 25 ascending or hemiarch replacements, 6 total arch replacements, 10 partial arch replacements (reconstruction of 1 or 2 arch branches) and 2 Bentall procedures ( Table 2 ). Figure 3 shows the primary entry tear locations identified intraoperatively: ascending aorta in 21 cases (49%), aortic arch in 12 (28%) and descending or unknown in 10 (23%). There were 5 cases (12%) of in-hospital mortality, including 1 patient with severe brain damage, 2 with intestinal necrosis, 1 with multiple organ failure and 1 with low cardiac output syndrome. There were also 5 cases (12%) with major postoperative complications, including major neurological injury (cerebral infarction), paraplegia from spinal cord infarction and bladder and rectal disturbance from spinal cord injury (Table 2) .
Primary entry tear location and false lumen pathway through the arch
Of the 43 cases, 14, 18 and 11 revealed anterior, bilateral and posterior pathways, respectively (Fig. 3) . The 14 anterior pathway cases comprised 10 A-A and four B-A patterns, and the 11 posterior pathway cases comprised six P-P and five B-P patterns. Twenty-one cases (49%) had a primary intimal tear in the ascending aorta, with 8 anterior, 12 bilateral and 1 posterior pathway. Twelve cases (28%) showed a primary intimal tear in the aortic arch, including 5 anterior, 3 bilateral and 4 posterior pathways. Ten cases (23%) showed a primary intimal tear in the descending aorta or unknown, with 1 anterior, 3 bilateral and 6 posterior pathways. The relationship between primary entry tear location and false lumen pathway is shown in Fig. 3 . Of the 21 cases with the primary tear in the ascending aorta, only 1 case (5%) had a posterior pathway (Fig. 3, blue circle) . In contrast, the false lumen showed a posterior pathway in more than half of the cases with the primary tear in descending aorta (Fig. 3, red circles) , and of the 10 cases with the primary tear in the descending aorta, only 1 case (10%) had an anterior pathway (Fig. 3 , blue circle). Fisher's exact test revealed that variation in the location of the primary entry tear was significantly associated with differences in the false lumen pathway (P = 0.0096). Post hoc tests (Bonferroni method) showed a statistically significant difference between patients with a primary entry tear in the ascending aorta versus those with a primary entry tear in the descending aorta (P = 0.0096).
False lumen pathway and cervical branch compromise
Twenty-nine of the 43 cases (67%) had dissections extending into supra-aortic branches with a total of 50 compromised branches: 28 brachiocephalic trunks (21 right common carotids), 12 left common carotids and 10 left subclavian arteries. Of the 14 anterior pathway cases, 12 (86%) had a total of 26 supra-aortic branch compromises: 11 brachiocephalic trunks (8 right common carotids), 9 left common carotids and 6 left subclavian arteries. Thirteen of the 18 bilateral pathway cases (72%) had a total of 20 supra-aortic branch compromises: 13 brachiocephalic trunks (10 right common carotid), 3 left common carotids and 4 left subclavian arteries. Of the 11 posterior pathway cases, only 4 (36%) had supra-aortic branch compromises with a total of 4 compromised branches: 4 brachiocephalic trunks (3 right common carotid arteries). Figure 4 demonstrates the relationship between the false lumen pathway and cervical branch compromise stratified by primary tear location. Of the 14 anterior pathway cases, 6 cases (43%) had a dissection extending into all 3 supra-aortic branches while none of the 11 posterior pathway cases had dissections this extensive (Fig. 4 , red and blue circles, respectively). Fisher's exact test revealed that variation in false lumen pathways was significantly associated with differences in cervical branch dissection [left common carotid artery (LCA): P = 0.00064, left subclavian artery: P = 0.047, all three supra-aortic branches: P = 0.020, any of the three supra-aortic branches: P = 0.039] ( Table 3) . With regard to LCA dissection, the Bonferroni post hoc tests showed a statistically significant difference between the anterior and posterior pathway (P = 0.003). In this study, we could not demonstrate that the false lumen pathway was related to preoperative neurological symptoms or postoperative mortality and morbidity (Table 3) . Univariate analyses of risk factors for cervical branch dissection revealed that the posterior pathway and the primary tear in the descending aorta were significantly associated with less frequent extension into any of the three supra-aortic branches. Meanwhile, the anterior pathway was significantly associated with more frequent extension into all three cervical branches (Table 4) .
DISCUSSION
Accurate preoperative determination of primary entry tear location is essential for achieving safe, reliable and efficient tearoriented surgery to treat acute type A aortic dissection. Despite sophisticated imaging techniques, it is often difficult to determine the precise location of the primary entry tear in clinical settings [14, 15] . The present investigation demonstrated that the false lumen frequently had a posterior pathway through the aortic arch in acute retrograde type A aortic dissections with the primary entry tear located in the proximal descending aorta. This finding may be helpful for surgical intervention planning. For treatment of acute type A aortic dissection with morphological signs of visceral branch compromise, total arch replacement with elephant trunk must be prepared for tear-oriented surgery if the false lumen has a posterior pathway to prevent lethal visceral malperfusion.
In the thrombosed-type acute type A aortic dissection (also known as an intramural haematoma), the location of the primary entry tear is generally more obscure, the thrombosed false lumen in the arch is smaller and abdominal branch compromise is less frequent than what is observed in the classical double-barreled aortic dissection [16] . Therefore, surgical treatment for this type of aortic dissection tends to involve an ascending aortic replacement or hemiarch replacement, and more extensive approaches such as total arch replacements are rarely required [16] . Notably, in some cases, the dissection extends into the brachiocephalic trunk, where the false lumen has a posterior pathway; even if the false lumen has a posterior pathway, only in rare cases does the aortic dissection extend into the brachiocephalic trunk. The propagation pattern for such cases is typically posterior extension (see Supplementary material), and an ascending aortic or hemiarch replacement may not be enough to reduce the risk of cerebral branch malperfusion, potentially requiring partial arch replacement with brachiocephalic trunk reconstruction.
From their clinical experience with endovascular stent graft placement for retrograde type A intramural haematoma, Grimm et al. [9] suggested that aortic dissections with a primary entry tear at the concavity easily extend up to the ascending aorta and that in the cases with a primary entry tear at convexity, the left subclavian artery acts as an anatomical barrier to prevent retrograde propagation [17, 18] . Dziodzio et al. [10] validated this anatomical barrier in their experimental model of acute type B aortic dissection. However, it is important to consider two things: first, that aortic dissections propagate not only longitudinally but also circumferentially [8] , and secondly, the left lateral to posterior lesser curve of the ascending aorta and arch is less frequently dissected; this is well-known in the context of direct central aortic cannulation techniques [19] . Our investigation revealed that retrograde propagation did not occur through the lesser curvature because Botallo's ligament acted as a bulwark against dissection, but did occur through the lateral wall, especially in posterior pathways.
Cerebral malperfusion during acute aortic dissection has a multifactorial aetiology [20] ; however, this is generally caused by branch artery dissection in the brachiocephalic and right common carotid arteries [21] [22] [23] . In such cases, the branch true lumen is compressed by the expanded branch false lumen and has its perfusion impeded. In cases for which aortic dissection extends into the abdominal aorta, visceral branches, especially the celiac trunk or left renal artery, often suffer ostial avulsion (the affected ostium is totally dehisced from the true aortic lumen; circumferential detachment of the intimal flap in the ostium) and secondary re-entry tears are generated at these sites. Once ostial avulsion has occurred, aortic dissection seems to cease extending into the affected branch artery. Contrary to abdominal branches, Table 3 : Cervical branch dissection, neurological symptoms and in-hospital outcome stratified by the status of the false lumen pathway through the aortic arch All patients (n = 43) Status of the false lumen pathway P-value supra-aortic branches rarely suffer ostial avulsion and we have yet to encounter a case with ostial avulsions or secondary re-entry tears around supra-aortic branches. Even when aortic dissection and the false lumen extend into supra-aortic branches, the intimal layer around branch bifurcations and luminal continuity of the true lumen remained intact [24] . Primary entry tears were often located near the ostia of the supra-aortic branches in the arch, but none of our cases involved ostial avulsion. This may be because our cohort included only one patient with a connective tissue disorder. The present study revealed three important findings regarding the relationship between false lumen pathway through the arch and cervical branch compromise. First, the false lumen pathway was anterior in many cases of dissection extending into all three supra-aortic branches. Secondly, when the false lumen had a posterior pathway, the aortic dissection rarely extended into cervical branches and there were no cases with dissection extending into the left common carotid or the left subclavian arteries. Third, propagation of the dissection into the left common carotid and left subclavian arteries almost always occurred through the anterior side of the aortic arch, even if the false lumen pathway was bilateral (see Supplementary material). These findings provide new insight that aortic dissections have a tendency to extend into the cervical branches through the anterior side of the aortic arch. Based on our findings, we would surmise that hemiarch replacement with more extensive resection of the anterior wall while preserving the posterior wall of the aortic arch may represent a reasonable treatment for acute type A aortic dissection with the dissection extending into three supra-aortic branches.
For cervical branch reconstruction using a four-branched graft, graft anastomoses to dissected supra-aortic branches often require great care because of the fragility of the vascular wall. Glue fixation of apposed dissected layers in supra-aortic branches is thought to strengthen the vascular wall, allowing for easier anastomosis. These fixations may become safer and simpler if they are performed before the supra-aortic branches divide from the aortic arch. Notably, balloon tip catheters for antegrade selective cerebral perfusion might be useful for fixing dissected layers from inside. It is important to approach these situations with a precise understanding of the false lumen pathway from the arch to each supra-aortic branch and knowledge that aortic dissections tend to extend into the cervical branches through the anterior side of the aortic arch.
It should be noted from a pathophysiological perspective that the posterior pathway was rare in cases for which the primary tear was in the ascending aorta, and conversely, the anterior pathway was rare in cases for which the primary tear was in the descending aorta. These results support the suggestion that propagation of the aortic dissection through the arch conforms to particular patterns, which are not restricted only by the location of the primary entry tear, and may offer the possibility that dissections tend to be right-handed helical extensions through the arch, whether they are antegrade or retrograde. Kilner et al. [25] reported helical and retrograde secondary blood flow patterns through the aortic arch. These flow patterns may affect dissection propagation to some extent.
For future progress in surgical treatment of acute aortic dissections, it is essential to classify peculiar biological phenomena that appear chaotic at first glance, establish the theory for proper understanding of the pathophysiology and apply it to practical methods for treatment. Three-dimensional centreline reconstruction (3D curved MPR) provided new insight for understanding the propagation of dissections that were not possible with conventional two-dimensional axial images.
Study limitations
The definite primary entry tear may be the re-entry of a different primary entry site. In the onset of acute aortic dissection, dissection can initiate suddenly from one primary entry tear placed in the proximal aorta, spread rapidly and finally generate multiple secondary entry tears around the end of propagation. Pathophysiologically, the primary entry tear and the secondary re-entry tears are different entities at dissection onset. In general, these two are distinguishable in size, location and the surrounding false lumen morphology; this becomes more difficult in cases which involve multiple tears located in the aortic arch. Fortunately, none of our patients in the present study had multiple tears in the aortic arch or ostial avulsion of supra-aortic branches. This may have been because our cohort included only one patient with a connective tissue disorder.
In this study, we evaluated false lumen pathways and supraaortic branch dissection by examining CT findings, while the locations of the primary entry tears were determined from intraoperative findings. Due to the time lapse between the CT scan and operation, the aortic dissection could have extended, which would lead to significant differences in the false lumen pathway and supra-aortic dissection.
Exclusion criteria for inadequate image quality were not specially provided. As a matter of fact, we used CT images of 5-mm slice thickness for the 13 cases that were referred to us from other hospitals, and our institution did not utilize ECG-gated image acquisition for pulsation-free visualization. Therefore, the present study cannot claim a high quality image analysis using the most advanced imaging techniques. In the future, a more precise imaging analysis to corroborate our results would be highly important.
We excluded 6 cases from the study because preoperative digital image data were not available, which may have biased our retrospective cohort study. The small study population likely contributed to the inability to demonstrate a relationship between false lumen pathway, preoperative neurological symptoms (9 cases) and postoperative outcomes. Additional investigations involving a larger number of patients, including those presenting with symptomatic brain malperfusion syndrome, are necessary to address this issue. All patients that survived surgery in this study received a postoperative CT scan or magnetic resonance imaging. While an examination of the relationships between a preoperative false lumen pathway, postoperative false lumen status and late outcomes would be valuable, we have not yet completed these examinations. Such studies will contribute not only to defining the significance of our classification system, but also to developing treatment strategies.
CONCLUSIONS
In cases for which the false lumen had a posterior pathway, the primary tear was generally located in the arch or descending aorta, and cervical branch compromise was rare. In most cases of dissection extending into all three supra-aortic branches, the false lumen pathway through the arch was anterior. Even in bilateral false lumen pathways, aortic dissections tended to extend into the cervical branches through the anterior side of the aortic arch. The false lumen pathway through the arch had a close relationship with cervical branch compromise in acute type A aortic dissections.
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